Objective. To determine whether human immunodeficiency virus (HIV) infection is associated with increased risk of malaria incidence and recurrence in children.
disproportionate burden of these 2 infections in the region is well described [3] , and simultaneous infection by both (so-called coinfection) may be as high as 30% [4] . Even modest negative interactions between them in coinfected populations could substantially amplify the morbidity and mortality associated with these infections in SSA [5] .
In coinfected persons, HIV and Plasmodium organisms could interact with implications for malaria disease. HIV infection impairs T-cell immunity and antibody responses necessary for effective antimalarial response. These factors may explain the attenuation of age-acquired malaria immunity [6, 7] , loss of gravidityspecific pattern of placental malaria [8, 9] , and higher frequency and severity [10] of malaria infections observed in HIV-positive adults. Equally important, the prophylactic drug cotrimoxazole routinely prescribed to HIVpositive individuals may provide some protection from malaria by inhibiting the in vivo survival of some Plasmodium species [8] .
Whether HIV infection affects the risk of malaria in children is unclear. Results from different epidemiologic studies produced conflicting results that suggested no association [9, 11, 12] , protection [13, 14] , or higher risk [15, 16] of malaria for HIV-positive versus HIV-negative children. Variation with respect to child age and the local malaria transmission pattern-2 factors with implication for the presence or lack of adaptive immunity to malaria infection [17] -may have contributed the heterogeneity observed across studies. In addition, some of these studies were conducted early in the HIV epidemic [9, 11, 12] , and others were limited by the use of a cross-sectional [14] or hospital-based case-control design [14, 15] .
Hence, we conducted a prospective cohort study among infants born to HIV-positive women to determine whether malaria incidence and frequency over 2 years of follow-up was associated with HIV infection. We also investigated whether HIV infection was associated with shorter time to malaria recurrence among children with ≥1 episode of malaria. We hypothesized that HIV-positive children would develop both first and second malaria episodes sooner than HIV-negative children.
METHODS

Study Location and Population
At the beginning of this study, the prevalence of HIV infection among patients at antenatal clinics in the mainland of Tanzania was 8.4%, with mother-to-child transmission accounting for 18% of new infections [18] . Per annum, 1 million clinical malaria episodes are reported by health facilities in Dar es Salaam [19] , where malaria is endemic and stable with yearround transmission. Annual malaria prevalence is 12%, with 1.28 infectious bites per person per year [20] . Thirty-one percent of Tanzanian children aged <5 years regularly sleep under insecticide-treated bed nets; coverage is higher (≥65%) in the eastern region, which includes Dar es Salaam [21] .
This study was nested in a randomized controlled trial evaluating the impact of child multimicronutrient supplementation among 2387 singleton live-born infants whose mothers were HIV-positive during pregnancy and intended to stay in Dar es Salaam for at least 2 years after delivery. Children were randomized at 6 weeks to receive a daily multivitamin regimen (vitamins B, C, and E) or placebo. Children whose mothers were unable to return for follow-up, infants with serious congenital anomalies that interfered with study procedure compliance (eg, inability to take a daily micronutrient regimen), and nonsingletons were excluded. The mother-child pair returned to the clinic monthly for scheduled visits during which health history and nutritional status were determined and laboratory assessments were made. Study participants were encouraged to return to the clinic for management of illnesses that occurred outside of scheduled visits. The study was conducted between February 2004 and May 2008.
Per standard of care, all mothers received folate, iron, and intermittent preventive malaria therapy with sulfadoxinepyrimethamine at the 20th and 30th weeks of pregnancy. Initially, maternal antiretroviral (ARV) medication was limited to nevirapine that was administered prophylatically during labor to prevent intrapartum HIV transmission. From July 2005 on, mothers began to be routinely evaluated for ARV eligibility. Eligible mothers initiated ARV with drugs supplied by the President's Emergency Plan for AIDS Relief (PEPFAR) and other programs. All newborns received nevirapine within 72 hours of birth and were prescribed cotrimoxazole until 6 months old; thereafter, only breast-feeding and HIV-positive children continued to receive cotrimoxazole.
Malaria was diagnosed during monthly or unscheduled visits by clinicians as follows:
1. Clinical malaria: Confirmation of malaria diagnosis prior to treatment is recommended by the World Health Organization (WHO) [2] . However, WHO recognizes that confirmation may be inaccessible in some resource-limited settings. In that case, prompt treatment based on physician diagnosis is recommended, to minimize malaria-related deaths. This reflects the standard of clinical practice in the area where malaria is symptomologically diagnosed by a physician, with/ without laboratory testing for parasitemia, following integrated management of childhood illnesses (IMCI) guidelines [22, 23] . This approach is sensitive for malaria diagnosis but limited by low specificity [23] .
2. Probable malaria: Probable malaria was defined as a malaria episode for which results of a laboratory test for parasitemia had positive or unknown results. Physician ordering of laboratory tests is indicative of heightened clinical suspicion, as these were typically done for febrile episodes not responding to treatment, to rule out severe or cerebral malaria in this setting.
3. Confirmed malaria: Confirmed malaria was defined as a malaria episode for which clinical suspicion was confirmed by observation of any parasitemia in a blood smear. Thin smears stained with Giemsa were made from a finger or heel prick and left to air dry for about 30 minutes to assess malaria parasites in the blood. Trained laboratory technicians read each blood slide in 3 different fields, and the parasite density per cubic millimeter was estimated from the number of parasites per 200 leukocytes. 4 . Clinical malaria or malaria-related death (MRD): MRDs are deaths for which malaria was the primary or secondary cause. One third of all child deaths in this study were MRDs. Therefore, we analyzed clinical malaria or MRD as a composite end point to determine its association with HIV status. A verbal autopsy was performed in all cases of child death. Coding of the cause of death from the verbal autopsies was performed independently by 2 pediatricians (K. P. M. and C. D.), and differences were adjudicated by a third pediatrician.
HIV status was determined at 6 weeks by HIV DNA polymerase chain reaction, using Amplicor HIV-1 DNA, version 1.5 (Roche Molecular Systems, Branchburg, NJ). At 18 months of age, HIV serostatus was determined using Murex HIV antigen/antibody (Abbott Murex, Dartford, United Kingdom), followed by the Enzygnost anti-HIV-1/2 Plus enzyme-linked immunosorbant assay (Dade Behring, Marburg, Germany), and the discordant results were resolved through Western blot assay [24] . For children who were HIV positive at 24 months, back-testing of blood samples from months 6, 12, and 18 were done to determine the window of seroconversion.
CD4 cell count and CD4 cell percentage were used as markers of maternal and child immunologic status, respectively, and were defined as high versus low (for mothers, absolute CD4 cell counts of <350 vs ≥350 cells/mL and for children CD4 cell percentages of <25% vs ≥25%), in light of CD4 distribution in our data and using earlier studies as precedents for determining biologically relevant CD4 thresholds [25] . For children, CD4 cell percentage was determined by the FACSCalibur system (Becton Dickinson, San Jose, CA) as the ratio of the CD4 cell count to the total lymphocyte count. Both child and maternal indicators of immunologic status were time updated within each follow-up interval.
Statistical Analyses
Children with no HIV or malaria data were excluded from all analyses. Incident malaria analyses were restricted to children without malaria at baseline. We conducted 3 sets of analyses. First, Cox proportional hazards models were used to estimate hazard ratios (HRs) for current HIV-positive versus HIV-negative status in relation to development of first malaria and to the composite end point, clinical malaria or MRD. Second, we estimated malaria rate differences per 100 childyears for current HIV-positive versus HIV-negative children by means of a generalized estimating equations (GEE) model with multiple observations per child, using an unstructured working correlation structure and identity link [26] . Withinsubject clustering was specified for this GEE model to account for nonindependence of repeated malaria episodes for some children. Following previous analyses of Plasmodium falciparum malaria, we distinguished between malaria episodes that occurred >14-days apart [6, 27] . Third, we evaluated the potential for synergy between malaria and HIV infection in the development of subsequent malaria among children with a prior history of malaria. In this analysis, we estimated the extent to which children with both infections had a shorter time to the development of a subsequent malaria episode, using Cox proportional hazards models. For this analysis, the time of the first clinical, probable, and confirmed malaria diagnosis for each child was taken as baseline.
For the Cox proportional hazards models, we used an Anderson-Gill data structure to split each child's follow-up period into blocks of person-time reflecting the interval between 2 consecutive visits. Within each interval, beginning and end time were defined as age at the beginning and end of the interval respectively. All time-varying covariates including breast-feeding, HIV infection, cotrimoxazole compliance, and child and maternal indicators of immunologic status were updated to their values at the start of each interval.
We expected that maternal and child immunologic status (defined as CD4 cell count for mothers or CD4 cell percentage for children) could be modifiers, mediators, and confounders of the HIV infection and malaria association. Therefore, we examined the possibility of both confounding and effect modification in multivariate models. Immunologic status was deemed a confounder if its adjustment changed the magnitude of the HIV infection-malaria association by ≥10% in either direction. To examine effect modification, we separately introduced the product terms "HIV*maternal CD4 cell count" or "HIV*child CD4 cell percentage" in a multivariate model already containing separate main effects for HIV infection and maternal CD4 cell count or child CD4 cell percentage and examined improvement in overall model fit, using the likelihood ratio test. If the addition of the interaction term improved the model fit as judged by difference in likelihood ratio tests for models with and without the interaction term, analyses were repeated within the strata of high versus low maternal or child immunologic status.
All multivariate models adjusted for season of consultation (in 2 categories: long-duration rains [November-February] and short-duration rains [March-May] vs dry season [JuneOctober]) and several child factors (sex, low birth weight, CD4 cell percentage of <25 vs ≥25, cotrimoxazole compliance, and breast-feeding status [yes vs no]), intervention regimen (multivitamin vs placebo), maternal factors (age, history of early neonatal mortality, CD4 cell count of <350 vs ≥350 cells/μL, years of education, and marital status), and household factors (socioeconomic status, defined as a family per-capita daily food expenditure of >500 Tanzanian shillings [equivalent to approximately US$0.37 at the time of writing). Cotrimoxazole compliance was determined on the basis of the mothers' response to the question, "Did you give any cotrimoxazole to your child over the past month?" Final models included all potential confounders that changed the effect estimate by ≥10% in either direction, as well as above mentioned potential risk factors for malaria, even if these did not meet the strict criteria for confounding. All analyses were conducted in SAS, version 9.1 (SAS Institute, Cary, NC).
Ethical clearance for the conduct of the parent trial was provided by the institutional review boards of the Harvard School of Public Health and Muhimbili University of Health and Allied Sciences. The mothers of all children provided written informed consent for their own and their child's participation in the trial.
RESULTS
Included in this secondary analysis are 2320 children derived as specified in Figure 1 . At baseline, 240 children (10%) had clinical malaria, 63 (3%) had probable malaria, and 21 (1%) had confirmed malaria, and 255 (11%) were HIV positive. Relative to HIV-negative children, HIV-positive children had more clinical malaria episodes and lower body weights and CD4 cell levels at baseline. There was no difference in the prevalence of probable and confirmed malaria by baseline HIV status (Table 1) . Children were followed for a median of 92 weeks (interquartile range [IQR], 37-147 weeks), during which another 4% (91) became HIV positive. Forty percent (143) of children who were ever HIV positive were receiving ARV therapy.
During follow-up, 1380 of 2075 (66.6%), 899 of 2256 (41.8%), and 418 (19%) children developed ≥1 episode of clinical, probable, and confirmed malaria, respectively. Of the 768 laboratory tests for parasitemia in which results were available, 35 (5%) were negative. Overall mean parasitemia density (±SD) was 3.12 ± 3.56 trophozoites per 200 white blood cells. HIV-positive children were at higher risk of developing a first clinical, probable, and confirmed malaria episode, compared with HIV-negative children, with estimates of higher risk ranging from 34% (95% CI, 12%-61%) for clinical malaria to 67% (95% CI, 18%-136%) for confirmed malaria (Table 2) . Including all malaria events, HIV-positive children experienced more episodes of malaria per 100 childyears than HIV-negative children. The estimated risk difference in malaria per 100 child-years for HIV-positive relative to HIV-negative children ranged from 20 (95% CI, 9-31) for confirmed malaria to 88 (95% CI, 65-148) for clinical malaria ( Table 3) . The difference in malaria rate per 100 child-years for HIV-positive versus HIV-negative children decreased with increasing specificity of malaria diagnosis; however, all estimates were robust to adjustment for season, per-capita daily food expenditure, child characteristics (sex, underweight, treatment group, breast-feeding status, and cotrimoxazole compliance), and maternal factors (age, educational status, baseline CD4 cell count, and early neonatal mortality history) (Tables 2 and 3) .
Among children with ≥1 malaria episodes during the study period, repeat infections were common, with 1121 of 1547 (72.5%), 442 of 942 (46.9%), and 140 of 439 (31.9%) experiencing ≥1 more clinical, probable, and confirmed malaria episode, respectively, during follow-up. The risk of developing a subsequent clinical, probable, and confirmed malaria episode was higher for HIV-positive relative to HIVnegative children, with relative hazard ratios ranging from 28% (95% CI, 4%-57%) for clinical malaria to 127% (95% CI, 32%-289%) for confirmed malaria episodes ( Table 4 ). The association between HIV infection and the combined end point of clinical malaria or MRD were similar in magnitude and direction to that for HIV infection and clinical malaria (Tables 2  and 4 were not independent predictors of malaria incidence. However, the rate of clinical malaria per 100 child-years was modified by maternal (P value for interaction = .03) and child (P value for interaction = .02) immunologic status, such that the association between HIV infection and malaria rates was generally strongest in the strata of lower immunologic competence (Figure 2 ). For both probable and confirmed malaria episodes, trends of stronger associations between HIV infection and malaria rates per 100 child-years persisted among children with a CD4 cell percentage of <25%, compared with ≥25%, and among mothers with a CD4 cell count of <350, compared with ≥350 cells/μL, but these differences were not statistically significant (data not shown).
DISCUSSION
These recent data from Tanzania suggest that HIV-infected children were more likely than HIV-negative children to develop malaria over 2 years of follow-up. Repeat malaria episodes were common, and children coinfected with HIV had a 28%-127% higher risk of developing a second malaria episode as compared to HIV-negative children. This finding suggests the presence of synergistic negative interactions between HIV infection and malaria in coinfected children that may amplify malarial morbidity in such children. Equally important, we confirmed well-described protective roles of breast-feeding [28] and cotrimoxazole use [29] in child malarial morbidity. These results were generally robust to malaria diagnostic criteria, as well as to adjustment for potential confounding by seasonality and several child and maternal factors.
Our finding of a positive association between HIV-positive status and malaria incidence is consistent with reported findings among adults in Malawi and Uganda [6, 7] and corroborates findings from 2 previous reports of more severe malaria morbidity and mortality for HIV-positive versus HIV-negative Kenyan and Ugandan children [15, 16] . Our results are also consistent with findings from a Ugandan study of 77 HIVinfected and 232 HIV-uninfected children of HIV-positive mothers and 125 age-matched HIV-unexposed children followed from birth to 4 years old. In line with our findings, these investigators found that HIV-infected children developed malaria earlier and had more severe morbidity (hospitalization and requirement of blood transfusions) per malaria episode than HIV-uninfected children [13] . However, paradoxically and in contradiction with our results, the same study also found that HIV-positive status protected against the development of malaria in the first, second, third, and fourth years of life. Of note, follow up duration was much shorter for HIV-positive relative to HIV-negative children (median, 19.5 vs 31.4 months) because of AIDS-related death in HIV-positive children. Hence, this contradiction could be partially explained by mortality-driven noncomparability of malaria at-risk periods for HIV-positive relative to HIV-negative children.
Our finding of positive associations between HIV-positive status and malarial morbidity is also in conflict with findings from 3 other studies [9, 11, 12] . Unlike our study, these found no difference in malaria prevalence [11] , malaria incidence [9] , and malaria frequency by HIV status. There was also no difference in malaria parasitemia density [11] and response to treatment [12] for HIV-positive versus HIV-negative infants [9, 11, 12] . We note salient design differences between our study and these others, including short follow-up duration [9, 12] , use of data from early instead of later stages of the HIV epidemic [9, 11, 12] , statistical power limitation due to small sample sizes [9, 11, 12] , and use of hospitalized pediatric HIV-positive populations and hospital-based HIV-negative controls [9, 11, 12] that may limit the direct comparison of our results with these studies. Future epidemiologic investigations of this relationship will be useful to confirm or refute our findings. Abbreviations: CI, confidence interval; HR, hazard ratio. a Multivariate models are adjusted for several time varying and non-time-varying child, maternal, climatic, and household factors. Baseline covariates adjusted include child sex, supplementation (micronutrient vs placebo), birth weight (<2500 vs ≥2500 g), per-capita household daily food expenditure (≤500 vs >500 Tanzanian shillings), maternal age (<25, 25-29, 30-34 vs ≥35 years), maternal education (<7, 7 vs >7 years), and maternal history of prior early neonatal mortality. The time-varying covariates adjusted for include current cotrimoxazole use, current breast-feeding status, season of visit, and current maternal CD4 cell count (<350 vs ≥350 cells/μL). b Regression models show the relative hazard of developing a first malaria episode or the composite end point clinical malaria or malaria specific mortality for HIV-positive children versus HIV-negative children. One mechanism by which HIV infection could increase malaria morbidity is via impairment of malaria-specific T-cell immunity [10] . This in turn raises the probability that concurrent HIV infection could increase the risk and severity of malaria in coinfected populations. In this study, even though maternal and child CD4 cell counts were not independently associated with malaria incidence, the estimated association between HIV infection and malaria incidence were attenuated with adjustment for these immunologic parameters, suggesting that the impairment of malaria specific T-cell immunity could be a mechanism of effect especially among children with low baseline CD4 cell levels. However, the fact that the higher risk of malaria for HIV-positive as compared to HIV-negative children was often robust to adjustment for both child and maternal CD4 cell counts also indicates that other mechanisms may be important.
We note 2 limitations of our study that should be considered in the interpretation of our results. First, we were unable to adjust for bed net use, which is a well-known factor protective against the risk of malaria and a possible surrogate marker of adaptive maternal health-seeking behavior that may be associated with child HIV status. If bed net use occurred more frequently among HIV-positive children, the lack of control for this variable may have underestimated the HIV infection-malaria association in this study. Alternatively, less frequent bed net use among HIV-positive children will result in overestimation of the HIV infection-malaria association in this study. Second, our findings may be affected by malaria detection bias to the extent that diagnosis was contingent on children exhibiting symptoms and their mothers seeking care at study clinics. However, asymptomatic malaria in P. falciparuminfected children <2 years old is rare because o the absence of age-acquired adaptive immunity. Therefore, failure to detect asymptomatic malarial morbidity is likely to have only limited effect on our findings.
In contrast, our study has the following design strengths: its large sample size, prospective study design, and ability to control for important baseline and time-varying confounders, including seasonality, breast-feeding, and cotrimoxazole use. In Tanzania, malaria-related morbidity and mortality account for >30% of the disease burden in the general population and represent the leading cause of both outpatient and in-hospital Clinical malaria rates by strata of child CD4 cell percentage (in %) and maternal CD4 cell count (in cells/μL). Estimates are rate differences derived from a generalized estimation equation models with normal distribution, identity link, and unstructured working covariance. Baseline covariates adjusted for include child sex, supplementation (micronutrient vs placebo), birth weight (<2500 vs ≥2500 g), per-capita household daily food expenditure (≤500 vs >500 Tanzanian shillings), maternal age (<25, 25-29, 30-34 vs ≥35 years), maternal education (<7, 7 vs >7 years), and maternal history of prior early neonatal mortality. The time-varying covariates adjusted for include percentage with cotrimoxazole compliance to date, exclusive breast-feeding status, season of visit, maternal CD4 cell count (<350 vs ≥350 cells/μL), and time-updated child CD4 cell percentage (<25% vs ≥25%).
death among children <5 years old [30] . We examined the relationship between HIV infection and development of malarial morbidity in this region of high HIV infection prevalence and stable malaria transmission within a cohort highly susceptible to malarial morbidity. These factors enabled us to contribute much needed information regarding the interaction between HIV infection and development of malarial morbidity in HIV-exposed children. An additional strength of this study is the ability to compare the HIV infection-malaria association across different malaria definitions with increasing specificity. We found the IMCI malaria definition that was based on physician clinical diagnosis to be a useful index of malarial morbidity. Despite its expected higher rate of misclassification, the direction of associations with HIV infection and the ultimate inference regarding the association between HIV infection and malaria remained unchanged, lending support to the clinical usefulness of IMCI-based definitions for malaria in resource-limited settings where confirmation by laboratory tests may be difficult. However, to avoid potentially harmful and unnecessary malaria treatment, getting definitive malaria diagnosis via rapid diagnostic assays, which are increasingly available at reasonable cost, should be done whenever possible, even in the most resource-limited settings.
In conclusion, HIV-positive children have a higher risk of developing malaria as compared to HIV-negative children. For those with malaria, HIV-coinfected children developed subsequent episodes earlier than HIV-uninfected children, despite prophylactic use of cotrimoxazole and widespread infant breastfeeding in the study population. Hence, all children, particularly those exposed to HIV in utero, will benefit from malaria prevention efforts and proactive clinical management for malaria in regions of substantial HIV infection and malaria overlap. In this era of widening access to treatment for HIV-infected patients, health practitioners, and policy makers in setting where malaria and HIV infection are coendemic will benefit from definitive evaluation of whether HIV-positive individuals receiving malaria prophylaxis are further protected from malarial morbidity, using a randomized placebo-controlled trial.
Notes
